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The  hydrocarbon  composition  of  the  kerogen  fractions  of  two  samples  (HD-20  and  HD-21)  from  oil  shale 
layer  4  in  the  Eocene  Huadian  Formation,  NE  China  were  investigated  by  analytical  flash  pyrolysis 
(650°C/10s)  followed  by  gas  chromatography-mass  spectrometry  (Py-GC-MS).  Organic  petrography 
showed  that  the  two  kerogens  were  almost  entirely  derived  from  algal  remains  but  contained  very  dif¬ 
ferent  algal  maceral  compositions,  with  40%  of  the  macerals  in  HD-20  being  of  macroalgal  origin  that 
were  not  present  in  HD-21.  Py-GC-MS  yielded  high  concentrations  of  n-alkanes  from  both  kerogens, 
but  with  different  molecular  weight  profiles  due  to  the  different  algal  contributors  to  the  two  kerogen 
samples.  The  hydrocarbon  pyrolysates  generated  at  650  °C  from  HD-21  in  which  the  green  microalga 
Botryococcus  braunii  was  identified  showed  a  higher  proportion  of  longer  chain  alkanes  and  alkenes 
presumably  from  cracking  of  the  botryococcus  algaenan.  We  also  identified  a  C40  monoaromatic  lycopane 
derivative,  which  was  absent  in  the  HD-20.  The  high  hydrocarbon  potential  of  both  kerogens  can  be 
attributed  to  common  microalgal  sources,  whereas  the  macroalgae,  which  is  abundant  in  HD-20,  makes 
only  a  minor  contribution  to  the  hydrocarbon  products. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Microalgae  are  the  major  source  of  organic  matter  in  the 
organic  rich  Huadian  oil  shales  (Xie  et  al.,  2014)  as  found  in  many 
marine  and  lacustrine  sediments  (Volkman  et  al.,  1998).  Microal¬ 
gae  contain  a  variety  of  distinctive  biomarkers  (e.g.  Volkman 
et  al.,  1998),  which  have  been  used  as  an  efficient  tool  to  study 
the  paleoenvironment  and  degree  of  maturity  of  hydrocarbon 
source  rocks  and  source  of  crude  oils  (Peters  et  al.,  2005).  Fossils 
believed  to  be  related  to  the  green  microalga  Botryococcus 
(Trebouxiophyceae)  have  been  identified  in  sediments  ranging 
from  Precambrian  to  recent  (Guy-Ohlson,  1992)  and  it  has  been 
recognized  as  a  major  source  material  for  petroleum  generation 
through  geological  time  (Tissot  and  Welte,  1978;  Glikson  et  al., 
1989).  Botryococcus  has  also  been  used  as  a  paleoenvironmental 
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indicator,  especially  for  freshwater  or  brackish  environments 
(Guy-Ohlson,  1992;  Zhang  et  al.,  2007). 

The  extant  species  Botryococcus  braunii  contains  polymethylen- 
ic  biopolymers  (algaenans)  and  a  remarkably  diverse  range  of  unu¬ 
sual  compounds  including  highly  branched  C34-C37  isoprenoid 
hydrocarbons  called  botryococcenes,  a  C40  lycopadiene  and  related 
oxygenated  compounds  that  provide  source  diagnostic  biomarker 
information  (Maxwell  et  al.,  1968;  Metzger  et  al„  1991;  Grice 
et  al„  1998;  Metzger  and  Largeau,  2005).  Several  taxonomically 
distinct  races  (A,  B,  L  and  S)  of  B.  braunii  can  be  distinguished  by 
their  hydrocarbon  composition.  Botryococcene  related  lipids  are 
specific  biomarkers  biosynthesized  by  the  race  B  of  B.  braunii 
(Maxwell  et  al.,  1968),  but  they  are  not  found  in  the  algaenan.  In 
contrast,  the  L  race  contains  algaenan  incorporating  isoprenoid 
structures  related  to  lycopadiene  (Bertheas  et  al.,  1999;  structure 
modified  by  Salmon  et  al.,  2009).  Derenne  et  al.  (1994)  reported 
low  amounts  of  a  C40  monoaromatic  hydrocarbon  in  pyrolysates 
of  kerogens  isolated  from  two  recent  sediments  from  a  crater  lake 
in  Papua  New  Guinea  and  noted  that  one  of  these  corresponded  to 
the  major  compound  identified  in  pyrolysates  of  the  algaenan  from 
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B.  braunii  race  L  (Derenne  et  al.,  1990).  Adam  et  al.  (2006)  found  the 
same  compound  in  the  extractable  hydrocarbon  fraction  of  the 
Messel  oil  shale  (Eocene,  Germany)  and  also  attributed  it  to  contri¬ 
butions  from  race  L.  A  review  of  the  reported  geological  occurrence 
of  botryococcene-  and  lycopadiene-related  lipids  led  Volkman 
(2014)  to  suggest  that  the  biosynthetic  pathways  for  the  botryo- 
coccenes  and  lycopadiene  in  Botryococcus  probably  evolved  during 
the  Eocene  (ca.  55  Ma). 

The  maceral  composition  of  petroleum  source  rocks  measured 
by  petrographic  analysis,  traditionally  using  reflective,  transmitted 
or  fluorescence  light  sources,  can  often  provide  information  about 
the  major  organic  inputs  and  related  depositional  paleoenviron- 
ments  (Breger  and  Brown,  1 963 ;  Tissot  and  Welte,  1978).  Intact  ker- 
ogens  and  asphaltenes,  are  intractable  to  many  analytical  methods, 
but  can  be  degraded  by  chemical  or  thermal  methods  (Horsfield  and 
Douglas,  1980;  Largeau  et  al.,  1986;  Grice  et  al.,  2003).  Analytical 
pyrolysis  followed  by  GC-MS  analysis  has  been  widely  applied  to 
characterize  the  hydrocarbon  composition  of  kerogens  and  asphalt¬ 
enes  and  the  thermally  generated  molecules  are  often  correlated 
with  their  corresponding  free  hydrocarbon  or  bitumen  fractions  iso¬ 
lated  by  solvent  extractions  (e.g.,  Latter  et  al.,  1979;  Solli  and  Leplat, 
1986;  Derenne  et  al.,  1988, 1997;  Greenwood  et  al.,  1998, 2000;  Liao 
et  al.,  2012;  Tulipani  et  al.,  2013;  Zhang  et  al.,  2014).  Flash  pyrolysis, 
in  which  very  high  amounts  of  thermal  energy  are  applied  to  induce 
extensive  fragmentation  of  macromolecular  organic  matter,  has 
proven  to  be  a  rapid  and  simple  method  for  structural  characteriza¬ 
tion  of  kerogens  often  yielding  high  abundances  of  products  amena¬ 
ble  to  GC-MS  detection  that  are  structurally  representative  of  the 
whole  fraction  (Larter  and  Horsfield,  1993).  Some  of  these  hydrocar¬ 
bon  constituents  may  convey  information  relating  to  the  organic 
precursors  of  fossil  fuels  or  reflect  their  thermal  maturity  with 
respect  to  petroleum  generation.  Such  information  can  assist  oil 
correlation  studies  and  help  predict  the  economic  scale  of  oil 
reserves  (Philp  and  Gilbert,  1987). 

In  the  present  work,  we  compare  the  molecular  composition  of 
two  kerogen  samples  isolated  from  the  same  unit  within  the 
organic  rich  lacustrine  Huadian  oil  shale,  based  on  flash  Py- 
GC-MS  analysis.  These  data  are  used  to  show  that  organic  matter 
sources  are  dominated  by  algae  as  reflected  by  the  presence  of 
specific  biomarkers  and  complemented  by  organic  petrology  (Xie 
et  al.,  2014). 


2.  Samples  and  methods 

2.1.  Geological  setting  and  sample  description 

The  Huadian  Basin  in  Jilin  Province,  northeast  China,  is  a  fault- 
controlled  basin  filled  with  Eocene  non-marine  sediments  (Wang 
et  al.,  2005).  The  Huadian  Formation  can  be  subdivided  into  Pyrite, 
Oil  Shale  and  Carbonaceous  Shale  members  (Sun  et  al.,  2013).  Mac- 
erals  from  microalgae,  macroalgae  and  higher  plants  have  been 
characterized  by  microscopic  and  chemical  methods  in  oil  shale 
layers  4,  5  and  6  of  the  Oil  Shale  Formation  as  defined  by  Sun 
et  al.  (2013).  Full  details  can  be  found  in  Xie  et  al.  (2014)  who  ana¬ 
lyzed  22  samples  from  an  underground  mine  in  the  Guanglangtou 
district  by  petrographic  and  bulk  geochemical  methods.  Two  sam¬ 
ples  (HD-20  and  HD-21)  having  different  maceral  composition 
were  selected  from  layer  4  (Xie  et  al.,  2014)  of  the  Huadian  oil  shale 
for  geochemical  analysis  by  Py-GC-MS  to  obtain  molecular  infor¬ 
mation  representative  of  the  different  maceral  compositions.  The 
color  of  these  rocks  (and  the  kerogen  fractions  isolated  from  them) 
were  notably  different,  with  HD-21  more  brown  and  HD-20  more 
black.  The  basic  geochemical  characters  of  the  two  kerogen  frac¬ 
tions  (Xie  et  al.,  2014)  are  reported  in  Table  1  along  with  their 
maceral  compositions. 


2.2.  Isolation  of  kerogen  fraction 

Finely  ground  oil  shale  rock  samples  (~50  g)  were  Soxhlet 
extracted  with  chloroform  for  72  h,  after  which  the  extracted  res¬ 
idue  was  continuously  treated  with  12  M  HC1  for  about  12  h  to 
remove  carbonates.  After  washing  with  distilled  water,  the  residue 
was  treated  with  HF  for  another  12  h  to  remove  silicate  minerals 
(Guthrie  and  Pratt,  1994).  The  residue  was  then  washed  again  (dis¬ 
tilled  water,  x3),  dried  at  ambient  temperature  and  ultrasonicated 
in  DCM  for  30  min  and  finally  dried  at  ambient  temperature. 

2.3.  Flash  Py-GC-MS 

Flash  pyrolysis  of  the  kerogen  samples  were  carried  out  with  a 
CDS  5000  Pyroprobe  equipped  with  an  autosampler  and  linked  to 
the  GC  inlet  by  a  transfer  line  at  300  °C.  Kerogen  samples 
(0.5-1. 5  mg)  were  loaded  into  quartz  pyrolysis  tubes  for  the  flash 
pyrolysis.  The  two  samples  were  each  separately  analyzed  with 
pyrolysis  temperatures  of  650  °C  and  800  °C  to  investigate  the 
influence  of  pyrolysis  temperature.  The  results  from  the  800  °C 
pyrolysis  were  substantially  similar  to  those  from  650  °C  apart 
from  a  slight  shift  to  lower  carbon  numbers  and  slightly  higher 
content  of  alkadienes  at  800  °C  consistent  with  more  extensive 
cracking  at  higher  temperatures.  Hence,  we  only  present  results 
from  the  650  °C  pyrolysis. 

An  Agilent  6890  GC  coupled  with  a  5973  MSD  was  employed  to 
analyze  the  pyrolysates.  The  injector  was  held  at  300  °C  with  a  split 
ratio  of  50:1.  Helium  gas  was  used  as  carrier  gas  for  both  GC  sep¬ 
aration  (1.2  ml/min)  and  for  the  transfer  of  pyrolysates.  A  DB-5MS 
capillary  column  (60  m  length,  0.32  mm  diam.  and  0.32  pm  film 
thickness)  was  employed  for  the  GC  separation.  The  GC  oven  was 
cooled  with  liquid  C02  to  an  initial  -20  °C  (held  for  1  min),  and 
then  increased  at  8  °C/min  to  40  °C  and  then  at  4  °C/min  to  a  final 
320  °C  held  isothermally  for  25  min.  Mass  spectra  were  acquired 
with  70  eV  ionization  and  in  full  scan  mode  between  15  and 
600  Da  with  an  ion  source  temperature  of  230  °C. 

To  minimize  the  influence  of  contamination  and  pyrolysis  resi¬ 
dues,  a  blank  pyrolysis  experiment  was  carried  out  before  and  after 
each  pyrolysis  using  an  empty  quartz  tube  with  a  fast  GC  temper¬ 
ature  program  (50  °C  to  325  °C  at  20  °C/min). 

3.  Results  and  discussion 

3.1.  General  characteristics  of  the  isolated  kerogens 

Xie  et  al.  (2014)  showed  that  oil  shales  from  layer  4  have  the 
highest  TOC  values  (24.9-39.6%),  hydrocarbon  generation  potential 
(S2  values  from  Rock-Eval  analysis  were  88.2-59  mg  HC/g  rock)  as 
well  as  high  Hydrogen  Index  (HI  value  230-887  mg  HC/g  TOC)  and 
low  Oxygen  Index  (OI  value).  Xie  et  al.  (2014)  characterized  the  oil 
shales  as  low  maturity  Type  I  kerogen  (average  Tmax  =  442  °C).  Sul¬ 
fur  contents  were  very  low  (0.01-0.31%)  and  typical  of  lacustrine 
sediments. 

Bulk  organic  geochemical  and  petrographic  information  for 
HD-20  and  HD-21  are  listed  in  Table  1.  Although  the  HD-20  sample 
has  a  10%  higher  TOC  value  than  HD-21,  the  latter  has  about  65  mg 
HC/g  rock  more  hydrocarbon  generation  potential  than  the  former 
and  almost  double  the  HI  value  (Table  1 ).  Differences  in  the  organic 
maceral  composition  and  hydrocarbon  generating  properties  imply 
differences  in  molecular  structure  that  would  be  expected  to  trans¬ 
late  into  different  pyrolysate  compositions. 

Lamalginite  dominates  the  macerals  in  both  HD-20  and  HD-21 
(50.9%  and  67.6%  respectively;  Table  1 ).  HD-21  also  contains  a  high 
proportion  of  telalginite  (30.0%)  whereas  this  comprises  only  5.6% 
of  the  macerals  in  HD-20.  Benthic  macroalginite  (of  presumed 
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Table  1 

Bulk  organic  geochemical  and  petrographic  information  for  kerogens  of  HD-20  and  HD-21. 
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No. 

Layer 

TOC  (%) 

c/s 

S2  (mg  HC/g  rock) 

Tmax  (°C) 

HI 

OI 

Alginate  (%) 

Telalginite 

Lamalginite 

Benthic 

Macroalginite  (%) 

Vitrinite 

Detrovitrinite  (%) 

Inertinite 

Funginite  (%) 

HD-20 

4 

39.6 

63.9 

194 

436 

490 

21 

5.6 

50.9 

43.0 

- 

0.5 

HD-21 

4 

29.8 

119 

259 

446 

869 

7 

30.3 

67.7 

- 

2.4 

- 

origin  from  red  macroalgae)  comprises  43%  of  the  macerals  in 
HD-20,  but  none  was  identified  in  HD-21. Macerals  from  higher 
plants  were  very  minor  constituents  and  detrovitrinite  was  only 
detected  in  HD-21,  and  even  there  it  was  only  2.4%.  These  samples 
thus  provide  excellent  examples  of  organic  rich  shales  where  the 
organic  matter  is  almost  completely  of  algal  origin,  but  with 
differing  proportions  from  microalgae  and  macroalgae.  The  main 
microalgal  contributors  include  diatoms,  which  are  associated 
with  the  lamalginite,  whereas  the  telalginite  is  associated  with 
the  green  colonial  microalga  B.  braunii  as  well  as  acritarchs 
Leisphaeridia  and  Micrhystridium  (Xie  et  al.,  2014). 

3.2.  Hydrocarbon  pyrolysates 

The  total  ion  current  (TIC)  chromatograms  from  Py-GC-MS  of 
HD-20  and  HD-21  kerogens  at  650  °C  are  shown  in  Fig.  1.  Both  dis¬ 
play  a  dominant  homologous  distribution  of  n-alkane/n-alk-l-ene 
doublets  from  C6  extending  to  beyond  C30.  The  n-alk-l-enes  start 
to  co-elute  with  n-alkanes  from  n-C2g.  The  chromatograms  of  ali¬ 
phatic  hydrocarbons  show  a  minimum  at  Cg  for  HD-20,  whereas 
for  HD-21  the  minimum  was  at  C15.  Note  however,  that  the  relative 
abundance  of  shorter  chain  hydrocarbons  is  overemphasized  by 
the  peak  heights,  but  this  is  not  so  apparent  when  peak  areas  are 
considered.  High  yields  of  aliphatic  rich  hydrocarbon  products 
have  also  been  commonly  obtained  from  the  pyrolysis  of  type  I 
kerogens  (Larter  et  al.,  1977;  Horsfield,  1989)  and  these  n-alkane/ 
alkene  distributions  are  similar  to  those  previously  reported  from 
lacustrine  algal  dominated  kerogens  (e.g.,  Derenne  et  al.,  1994; 
Grice  et  al.,  2003),  but  quite  different  from  many  kerogens  of  mar¬ 
ine  origin,  which  typically  show  a  maximum  around  n-C13  and  a 
relatively  low  abundance  of  C2o+  compounds  (Gray  et  al.,  1991). 

Below  n-C20,  the  aliphatic  hydrocarbons  distributions  of  the 
kerogen  pyrolysates  showed  quite  similar  abundances,  but  the 
HD-21  pyrolysates  had  a  distinctly  higher  proportion  of  HMW  n- 
aliphatics  (n-C20+)  compared  to  those  from  HD-20  (Table  2).  This 
suggests  that  the  two  kerogens  have  similar  contributors  of  short 
to  middle  chain  n-aliphatics,  but  HD-21  contains  abundant 
precursors  of  longer  chain  hydrocarbons.  The  high  yield  of  HMW 


n-aliphatics  from  the  HD-21  kerogen  likely  reflects  the  higher  pro¬ 
portion  of  telalginite  in  this  sample  since  the  proportions  of 
lamalginite  are  very  similar  in  the  two  rocks  (Table  1 ).  It  is  signif¬ 
icant  that  this  telalginite  is  associated  with  Botryococcus,  which  is 
known  to  produce  large  quantities  of  long  chain  hydrocarbons  as 
well  as  containing  long  chain  polymethylenic  algaenan  (Derenne 
et  al.,  1994;  Volkman,  2014  and  references  therein).  We  can 
discount  the  possibility  of  terrigenous  macerals  as  a  source  of  these 
long  chain  alkanes  given  the  very  low  abundance  of  vitrinite 
macerals  in  HD-21  (Table  1). 

Little  has  been  reported  on  the  analytical  pyrolytic  behavior  of 
macroalgae,  but  a  high  content  of  N  or  O  containing  compounds 
appears  to  be  a  common  feature  (Ross  et  al.,  2009;  Ferrera- 
Lorenzo  et  al.,  2014)  and  may  provide  possible  bio-precursor  of 
source  rocks  (Cao  et  al.,  2009).  Their  relatively  low  hydrocarbon 
yield  is  due  to  a  typically  very  low  lipid  content  and  absence  of 
algaenans  (Harwood  and  Jones,  1989;  Nelson  et  al.,  2002).  The  very 
similar  aliphatic  hydrocarbon  dominated  profiles  obtained  from 
the  flash  pyrolysis  of  HD-20  and  HD-21  indicates  that  the  high 
proportion  of  benthic  macroalginite  in  HD-20  (43%)  does  not  con¬ 
tribute  significantly  to  the  hydrocarbons  generated  on  pyrolysis. 

Variations  in  the  n-alkanes  to  n-alkenes  ratio  in  pyrolysates  of 
organic  matter  have  been  widely  reported  (Coburn  et  al.,  1978 
and  references  therein).  Here  the  ratio  of  n-alkanes  to  n-alkenes 
increases  with  carbon  number  (Fig.  2).  Prist-1 -ene  is  a  ubiquitous 
product  from  algal  material  flash  pyrolysis  and  its  source  is  usually 
attributed  to  the  phytyl  side  chain  of  chlorophyll  (Larter  et  al., 
1979;  Hold  et  al.,  2001).  The  abundance  of  prist-l-ene  (ca.  0.6  with 
respect  to  n-heptadecane  for  HD-20  and  0.3  for  HD-21,  Fig.  1)  is 
consistent  with  low  thermal  maturity  (van  Graas  et  al.,  1981) 
and  multiple  sources.  The  low  abundance  of  other  isoprenoids  is 
surprising  since  a  variety  of  isoprenoids  can  be  produced  by  pyro¬ 
lysis  of  algaenans  from  B.  braunii  (Derenne  et  al.,  1994,  1997). 

3.3.  Aromatic  hydrocarbon  distributions 

Relatively  low  amounts  of  aromatic  hydrocarbons  were 
detected  in  the  kerogen  pyrolysates  and  the  dominant  component 


Fig.  1.  TICs  of  pyrolysates  of  HD-20  and  HD-21  kerogens  at  650  °C;  squares:  unresolved  compounds;  circles:  n-alkanes;  triangles:  n-alkenes;  T  =  toluene;  Cn  =  alkane/ene 
doublets. 
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Table  2 

Saturate  and  aromatic  ratios  for  kerogen  pyrolysates  of  HD-20  and  HD-21. 


Ratios 

HD-20 

HD-21 

Benzene/total  monoaromatics 

0.19 

0.24 

Toiuene/total  monoaromatics 

0.45 

0.44 

Toluene/n-C8  (alkane  +  alkene) 

2.56 

1.02 

C20-C29  (aliphatic)/C6-C29  (aliphatic) 

0.34 

0.42 

Ratios  were  calculated  from  peak  areas  in  the  mass  fragmentograms  for  m/z  78 
(benzene),  m/z  91  (monoaromatics),  m/z  85  (n-alkanes)  and  m/z  83  (n-alkenes); 
aliphatics  =  n-alkanes  +  n-alkenes. 


Fig.  2.  n-Alkane/ene  ratios  vs.  carbon  number  in  the  pyrolysates  of  HD-20  and  HD- 
21. 


was  toluene  (Fig.  1).  Methyl  naphthalenes  were  minor  compounds 
and  higher  polycyclic  aromatic  hydrocarbons  (PAHs)  were  negligi¬ 
ble.  The  proportion  of  aromatics  from  HD-20  was  higher  than  from 
HD-21  (cf.  T/n-C8).  Plant-derived  macerals  such  as  vitrinite  typi¬ 
cally  show  high  proportions  of  aromatics  in  pyrolysates  (Solli  and 
Leplat,  1986;  Yoshioka  and  Takeda,  2004),  but  PAHs  are  usually 
the  major  compounds  detected.  It  is  clear  that  plant  sources  make 
little  contribution  to  the  aromatics  found  in  the  Huadian  pyroly- 
states.  For  a  long  time,  the  relationship  between  the  aromatic 
hydrocarbon  distributions  liberated  from  algae-sourced  organic 
matter  has  been  unclear,  but  it  has  been  reported  that  certain 
algaenans  such  as  those  found  in  dinoflagellates  (Kokinos  et  al., 
1998)  could  generate  aromatic  rich  pyrolysates.  Kokinos  et  al. 
(1998)  showed  that  aromatic  and  furanic  products  dominate  over 
aliphatics  in  the  pyrolysis  of  a  dinoflagellate  whilst  Derenne  et  al. 
(1996)  showed  PAHs  dominated  the  pyrolysate  of  a  marine  micro¬ 
alga  Chlorellci  marina.  However,  the  pyrolysis  products  of  those  two 
organisms  were  quite  different  from  those  reported  here.  Our  data 
showed  that  algal  derived,  lacustrine  kerogens  can  produce  consid¬ 
erable  amounts  of  simple  aromatics  such  as  benzene,  toluene  and 
HMW  alkylbenzenes  on  pyrolysis.  Aliphatic  algaenans  can  produce 
aromatic  compounds  upon  pyrolysis  through  cyclisation  and 
further  aromatization  reactions  as  demonstrated  by  pyrolysis  of 
polyethylene  (e.g.  Jung  et  al.,  2010). 

Fig.  3  shows  the  distributions  of  aromatic  hydrocarbons  in  the 
pyrolysates.  The  ratios  of  benzene  and  toluene  separately 
calculated  relative  to  total  monoaromatics  for  HD-20  and  HD-21 
are  0.19  and  0.24,  and  0.45  and  0.44,  respectively.  The  2.56  value 
for  toluene/n-Cg  ratio  of  HD-20  sample  was  distinctly  higher  than 
the  1.02  value  for  HD-21  (Table  2).  No  S-bonded  compounds,  such 
as  DBT,  were  detected  in  either  sample  which  is  consistent  with 
their  low  total  sulfur  content  (Xie  et  al.,  2014). 


3.4.  B.  braunii  biomarkers 

Botryococcene  derivatives  represent  highly  diagnostic  markers 
for  B.  braunii  in  sediments  and  petroleum  but  they  are  restricted 
to  the  race  B  of  B.  braunii,  and  are  not  biosynthesized  by  races  A, 
L  or  S  (Metzger  and  Largeau,  2005;  Volkman,  2014).  Race  L  pro¬ 
duces  a  diagnostic  C40  isoprenoid  diene  (lycopadiene),  but  this  is 
rarely  found  in  sediments.  However,  Adam  et  al.  (2006)  reported 
a  C40  monoaromatic  lycopane  derivative  in  the  extractable  hydro¬ 
carbons  of  the  Messel  oil  shale  and  proposed  that  it  can  be  used  as 
a  specific  biomarker  for  race  L  in  sediments  deposited  under 
freshwater  and/or  brackish  conditions  (Derenne  et  al.,  1994; 
Grice  et  al.,  1998;  Adam  et  al.,  2006;  Volkman,  2014).  The  lipids 
from  B.  braunii  race  L  appear  to  be  restricted  to  sediments  from 
the  Eocene  or  younger  (Derenne  et  al.,  1994;  Grice  et  al.,  1998; 
Fuhrmann  et  al.,  2004;  Adam  et  al.,  2006;  Volkman,  2014), 
although  there  is  one  report  of  a  C40  monoaromatic  hydrocarbon 
apparently  related  to  lycopane  in  a  Permian  sediment  (Kluska 
et  al.,  2013)  and  the  same  series  of  C40  hydrocarbons  and  ketone 
identified  in  the  algaenan  of  the  L  race  was  reported  in  the  pyrol¬ 
ysate  of  a  Cenomanian  black  shale  (Salmon  et  al.,  1997).  In  neither 
case  could  an  origin  from  Botryococcus  be  confirmed  due  to  the  lack 
of  morphological  remains  and  a  source  other  than  Botryococcus  is 
possible  (Volkman,  2014). 

A  specific  C40  biomarker  of  race  L  B.  braunii  was  identified  in  the 
pyrolysate  of  HD-21  in  which  B.  braunii  has  been  petrographically 
identified  (Xie  et  al.,  2014).  Fig.  4  shows  the  partial  TIC  and  m/z  119 
mass  fragmentogram  as  well  as  its  mass  spectrum.  This  biomarker 
eluted  after  n-C34  and  has  a  molecular  ion  at  554  Da  and  a  major 
fragment  ion  at  119  Da  which  matches  well  with  published  data 
(Derenne  et  al.,  1990;  Adam  et  al.,  2006).  Despite  its  low  abun¬ 
dance  it  could  be  readily  identified. 

It  has  been  suggested  the  formation  of  the  C40  aromatic  hydro¬ 
carbon  takes  place  during  early  diagenesis  from  lycopadiene 
related  precursors  biosynthesized  by  B.  braunii  race  L  formed  from 
functionalized  precursors  (lycopanerols)  by  isomerization/cyclisa- 
tion  reactions  (Adam  et  al.,  2006).  Our  results  and  those  of 
Derenne  et  al.  (1994)  show  that  small  amounts  also  can  be  released 
by  thermal  cleavage  directly  from  kerogen  macromolecules.  Anal¬ 
ysis  of  the  extractable  hydrocarbons  from  the  oil  shale  also 
revealed  the  presence  of  the  C40  monoaromatic  together  with  small 
amounts  of  lycopadienes  and  lycopane  (unpublished  data).  These 
results  show  for  the  first  time  that  the  B.  braunii  populations  in 
the  Huadian  oil  shale  includes  race  L,  although  we  cannot  discount 
other  races  also  being  present.  Pyrolysis  of  kerogen  from  the  B  race 
does  not  liberate  botryococcanes/botryococcenes  so  this  cannot  be 
used  to  indicate  the  presence  or  absence  of  this  race  (Largeau  et  al., 
1986;  Derenne  et  al.,  1994).  However,  we  did  not  find  botryococ- 
cane  in  the  extractable  lipids  from  these  rocks  (unpublished  data) 
so  it  may  be  that  this  race  was  not  present  in  the  depositional 
environment. 

3.5.  n-Alkadienes 

The  pyrolysate  of  HD-21  was  more  complex  than  that  of  HD-20 
(Fig.  1),  and  included  an  unresolved  complex  mixture  hump 
that  was  more  obvious  in  the  HMW  (C25-C35)  zone.  A  series  of 
n-alkadienes  were  detected  by  pyrolysis  of  both  kerogens.  The 
n-alkadienes  elute  just  before  corresponding  n-alkanes  and  were 
readily  distinguished  since  the  fragment  ion  at  m/z  67  which  was 
stronger  than  in  the  mass  spectra  of  n-alk-l-enes.  After  n-C2i,  they 
start  to  co-elute  with  n-alk-l-enes  (chromatograms  not  shown). 
Abundant  n-alkadienes  have  been  reported  in  the  pyrolysates  of 
the  resistant  biopolymers  of  races  A,  B  and  L  of  B.  braunii 
(Derenne  et  al.,  1994).  The  abundance  for  n-alkadienes  dropped 
quickly  with  increasing  number  of  carbons. 


Z.  Zhang  et  al./ Organic  Geochemistry  76  (2014)  167-172 


171 


Fig.  3.  Combined  m\z  78  +  91  +  128  +  142  mass  fragmentogram  showing  the  aromatic  hydrocarbon  distributions  in  pyroiysates  of  kerogens  of  HD-20  and  HD-21. 
B  =  benzene;  T  =  toluene;  EB  =  ethylbenzene;  m  +  p  +  oX  =  m  +  para  +  ortho-xylene;  PB  =  propyl  benzene;  BB  =  butylbenzene;  MN  =  methyl  naphthalene;  alkyl-B  =  long  chain 
alkyl  benzenes. 
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Fig.  4.  Partial  TIC  (a)  and  m\z  119  mass  chromatogram  (b)  and  mass  spectrum  (c)  of 
C40  monoaromatic  biomarker  in  650  °C  pyrolysate  of  HD-21. 


4.  Conclusions 

Pyrolysis  of  kerogens  isolated  from  two  oil  shale  samples  from 
the  Huadian  Formation  has  enabled  us  to  determine  the  hydrocar¬ 
bon  compositions  of  kerogens  that  are  predominantly  derived  from 
lacustrine  algae.  Both  samples  produce  a  wide  range  of  saturated 
and  unsaturated  n-aliphatics  from  C5  to  at  least  C30  reflecting  the 
contribution  from  microalgae  present  in  the  lamalginite.  The  pro¬ 
portion  of  chain  lengths  >  n-C25  rapidly  decreases  in  the  HD-20 
pyrolysate,  but  in  HD-21  there  is  an  enhanced  contribution  of  these 
chain  lengths  due  to  the  contribution  from  pyrolysis  of  the  telalg- 
inite.  A  major  contributor  to  this  is  algaenan  from  the  colonial 
green  alga  B.  braunii.  The  high  content  of  macerals  from  a  benthic 
macroalga  in  HD-20  makes  very  little  contribution  to  the 
pyrolysate  hydrocarbons  and  confirms  that  macroalgae  are  not 


major  contributors  to  the  hydrocarbon  potential  in  these  shales 
as  suggested  by  Xie  et  al.  (2014).  The  low  content  and  similarity 
of  aromatic  hydrocarbons  in  the  pyroiysates  indicates  that  LMW 
aromatics  can  be  generated  from  algal  kerogens,  but  the  absence 
of  PAHs  is  consistent  with  the  very  low  contents  of  vitrinite 
present.  The  presence  of  a  diagnostic  C40  monoaromatic  lycopane 
derivative  in  the  pyrolysate  of  the  kerogen  of  HD-21  shows  that 
the  population  of  B.  braunii  includes  race  L. 
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